Microbial production and consumption of greenhouse gases (GHG) is infl uenced by temperature and nutrients, especially during the fi rst few weeks after agricultural fertilization. Th e eff ect of fertilization on GHG fl uxes should occur during and shortly after application, yet data indicating how application timing aff ects both GHG fl uxes and crop yields during a growing season are lacking. We designed a replicated (n = 5) fi eld experiment to test for the short-term eff ect of fertilizer application timing on fl uxes of methane (CH 4 ), carbon dioxide (CO 2 ), and nitrous oxide (N 2 O) over a growing season in the northern Great Plains. Each 0.30-ha plot was planted to maize (Zea mays L.) and treated similarly with the exception of fertilizer timing: fi ve plots were fertilized with urea in early spring (1 April) and fi ve plots were fertilized with urea in late spring (13 May). We hypothesized time-integrated fl uxes over a growing season would be greater for the late-spring treatment, resulting in a greater net GHG fl ux, as compared to the earlyspring treatment. Data collected on 59 dates and integrated over a 5-mo time course indicated CO 2 fl uxes were greater (P < 0.0001) and CH 4 fl uxes were lower (P < 0.05) for soils fertilized in late spring. Net GHG fl ux was also signifi cantly aff ected by treatment, with 0.84 ± 0.11 kg CO 2 equivalents m −2 for early spring and 1.04 ± 0.13 kg CO 2 equivalents m −2 for late spring. Nitrous oxide fl uxes, however, were similar for both treatments. Results indicate fertilizer application timing infl uences net GHG emissions in dryland cropping systems.
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Fertilizer Application Timing Infl uences Greenhouse Gas Fluxes Over a Growing Season
Rebecca L. Phillips,* Donald L. Tanaka, David W. Archer, and Jon D. Hanson USDA-ARS A gricultural practices may contribute signifi cantly to the global increase in atmospheric concentrations of CH 4 , CO 2 , and N 2 O. Land under cultivation comprises the single largest total land area worldwide (Dutaur and Verchot, 2007) , and roughly a third of CH 4 emissions and two-thirds of N 2 O emissions come from soils (Prather et al., 2001) . Knowledge of how agricultural management infl uences sources and sinks of CH 4 , CO 2 , and N 2 O relative to crop yields is important to understanding potential anthropogenic impacts on climate forcing (Mosier et al., 2006) . Agriculturally-related CO 2 emissions include direct sources (e.g., diesel fuel), indirect sources (e.g., fertilizer production), and land use changes (West and Marland, 2002) . Many estimates for GHG exchanges at the soil surface are poorly constrained, which limits the potential for agriculture to minimize or manage GHG emissions (Mosier et al., 2006; Dutaur and Verchot, 2007) . One of the key factors infl uencing production and consumption of CH 4 , CO 2 , and N 2 O is fertilization of arable soils (Breitenbeck and Bremmer, 1986; Mosier et al., 1996; Chantigny et al., 1998; Bouwman et al., 2002) . Th e eff ects of fertilization on GHG fl uxes at the soil surface tend to occur within the initial 8 to 10 wk following N application (Breitenbeck and Bremmer, 1986; Chantigny et al., 1998; Bouwman et al., 2002; Phillips, 2007) , but the magnitude of these eff ects likely vary with temperature at the time of application. Since microbial respiration is strongly infl uenced by temperature, microbial response in the northern Great Plains is likely greater for soils fertilized in late spring than in early spring.
While rate of fertilizer application reportedly aff ects soil emissions of CH 4 , CO 2 , and N 2 O in cropping systems (Robertson et al., 2000; Amos et al., 2005; Mosier et al., 2006; Sainju et al., 2008) , it is unclear how timing of fertilizer application infl uences emissions. Since N 2 O and CO 2 emissions tend to increase and CH 4 uptake tends to decline during the fi rst few weeks following fertilization, it is generally accepted that GHG emissions tend to increase with additions of N (Chantigny et al., 1998; Smith et al., 2000; Bouwman et al., 2002; Mosier et al., 2006; Sainju et al., 2008) . Eff ects of fertilizer-N addition on fl uxes of GHGs, however, are not consistent across studies. Sometimes fertilization of arable soil does not aff ect the strength of soil as a source of N 2 O (Amos et al., 2005) and CO 2 (Tate and Striegl, 1993; Amos et al., 2005) or the strength of the soil as a sink for CH 4 (Tate and Striegl, 1993; Delgado and Mosier, 1996; Koga, 2004) . Th ese confl icting results compelled us to question what other factors might infl uence the response of soil microbial consumption and production of GHGs to fertilization, particularly in the northern Great Plains, where rainfall limits crop production. Here, we investigated how timing of fertilizer application aff ects fl uxes of CH 4 , CO 2 , and N 2 O at the soil surface for maize produced in central North Dakota under dryland farming conditions.
During the short growing season in the northern Great Plains, producers often apply fertilizer in early spring to avoid over-scheduling activities near planting and/or to achieve commercial fertilizer price discounts. Soil respiration varies strongly with temperature (Wildung et al., 1975; Wagai et al., 1998; Fang and Moncrieff , 2001; Parkin and Kaspar, 2003) , so GHG emissions associated with application of fertilizer during the cold early spring (air temperatures <10°C) should be lower than later in the season. Fertilizing earlier in the spring, however, could aff ect crop yields if nutrients are less available following prolonged periods in the soil without plant growth. Currently, it is not clear if fertilizer application timing aff ects net GHG fl ux for arable soils cropped under dryland conditions in the northern Great Plains and if early fertilization would aff ect yield. With the rising cost of synthetic fertilizers and public concern about anthropogenic GHG emissions, there is a need for fi eld studies that quantify eff ects of fertilizer application timing on GHG emissions in a crop-production setting.
We initiated a study to examine how timing of fertilization application (early spring vs. late spring) infl uences fl uxes of CH 4 , CO 2 , N 2 O, and net GHG for soils planted to maize in a North Dakota dryland cropping system, where net GHG fl ux was calculated according to the radiative forcing potential of CH 4 and N 2 O relative to CO 2 (Ramaswamy et al., 2001; IPCC, 2007) . We hypothesized net GHG fl ux for soils fertilized in early spring would be lower than for soils fertilized in late spring, since cool temperatures would limit soil microbial activity (Wagai et al., 1998; Fang and Moncrieff , 2001; Parkin and Kaspar, 2003) . We also hypothesized that grain yield would be greater for soils fertilized just before planting in late spring. Our primary objective was to determine if time-integrated net GHG fl ux for soils fertilized in early spring were signifi cantly diff erent from those soils fertilized in late spring for a dryland cropping system. 
Materials and Methods

Study Area
Experimental Design and Crop Management
A completely randomized experiment with fi ve replicates was established with two fertilizer application dates in 2008 (early spring, 1 April; and late spring, 12 May) for soils cropped annually and under no-till management since 1992 (Fig. 2) . Each 0.30-ha plot was fertilized with a dry mixture of urea, phosphorous pentoxide (P 2 O 5 ), and potash (K 2 O) at a rate of 70-40-12 kg ha -1 N-P-K with a metered-feed fertilizer spreader (Barber Engineering Co., Spokane WA). Th e 3-m broadcast spreader delivered fertilizer in three passes to each plot (9.1 m wide by 330 m long). Care was taken to ensure fertilizer was spread within the treatment plot only, and a 10-m buff er was established around the experiment border so as to avoid chemical inputs from surrounding agricultural fi elds (Fig. 2) . Both treatments received 0.25 cm of precipitation within 4 d of urea application (Fig. 1) . A neighboring grassland site (uncultivated and unfertilized) was selected as background reference. Th is reference site is densely covered by introduced grasses [Bromus tectorum (L.) and Poa pretensis (L.)], and has not been hayed or grazed since 2005.
Agronomic inputs were based on agronomic product applications recommended for production of 4300 kg ha -1 of maize in a dryland cropping system. Besides fertilizer, herbicide was applied twice (pre-and post-planting) for weed control, resulting in plots being essentially weed-free. Maize hybrid Legend Seed Brand 9584 was planted with a 76-cm row spacing on 15 May 2008. Planting rate was approximately 84,000 seeds ha -1 . Both early and late-spring fertilized plots were seeded at the same time and at the same rate with a John Deere 7340 Maxemerge 2 Vacumeter, for a total of 12 rows per plot. Before initiation of the experiment in March 2008, fertilizer had not been applied for 1 yr. In 2007, the area was planted to sunfl ower (Helianthus annuus L.) and fertilized in early spring with 67 kg N ha -1 as urea. In 2006, the area was planted to spring wheat (Triticum aestivum L.), and fertilized in early spring with 78 kg N ha -1 as urea and 6-29-0 kg ha -1 of N-P-K as monoammonium phosphate. In 2005, the area was planted to soybean (Glycine max L.) and fertilized in early spring with 6-29-0 kg ha -1 of N-P-K as monoammonium phosphate.
A planting map (Fig. 2 ) was created using a submeter, realtime diff erential Trimble Geo XT Global Positioning System (GPS) Beacon receiver (Trimble Navigation, Sunnyvale, CA) and a 2004 ortho-rectifi ed, high resolution (2.8 m 2 ) satellite image (Digital Globe, Inc., Longmont, CO) to ensure plot areas (0.30 ha) were equal and to identify row locations. Further, one smaller subplot (0.05 ha in area) was also mapped within each 0.30-ha plot. While fertilizer treatment covered the entire plot, soil and gas fl uxes were sampled only from the subplot areas to ensure that a large number of samples could be collected during a 0.75 h time-course. Th ree points were randomly selected for soil and gas fl ux sampling within each subplot using the randomization procedure in ERDAS Imagine 9.1 software (Leica Geosystems GIS and Mapping LLC, Norcross, GA). Polyvinyl chloride collars (20-cm diam. × 10-cm height) were oriented between maize rows according to the planting map in areas that were not traffi cked by farm equipment. Collars were deployed as soon as soil conditions allowed insertion into the soil, which was 7 d before the fi rst fl ux measurement. Collars remained in the soil for the duration of the experiment (fertilization, planting, harvesting). Collars were also deployed at fi ve random locations within a 0.05-ha reference site where plants inside the collars were clipped to ground level.
Aboveground maize production in shoot dry biomass was determined by clipping whole maize plants to ground level from a 7.5-m 2 area within each plot before harvest (Mosier et al., 2006) . Th e plants were separated into cobs and shoots for mass determinations. We also determined grain yields by plot with a combine and weigh-wagon for each 0.30-ha plot on 30 October. Final grain yield was expressed at 155 g kg -1 water content (Mosier et al., 2006) . Emissions associated with energy used by farm equipment was calculated based on estimated diesel fuel use for each fi eld operation (Lazarus, 2008) with published coeffi cients for energy content and emissions from diesel fuel use, manufacture, and transport (EIA, 1999; West and Marland, 2002) . Emissions associated with fertilizer and herbicide use, were based on the quantities applied and using published coeffi cients for emissions from manufacture, packaging, and transportation (West and Marland, 2002; Lal, 2004) .
Soil Measurements
Soil pH, electrical conductivity (EC), texture, bulk density, total C and N, and water holding capacity were measured using soil cores collected for each plot just before applying treatments with a hydraulic soil corer (5 by 15 cm) equipped with a clear plastic sleeve, to ensure the entire core volume would be retained in the sample (Table 1) . Soil pH and EC were measured potentiometrically on 1:2 soil/deionized water slurries. Soil texture was determined hydrometrically and bulk density computed as the quotient of oven-dried mass divided by core volume. Total soil C and N were measured by dry combustion using a Carlo Erba NA 1500 Elemental Analyzer (Haake Buchler Instruments, Inc., Saddle Brook, NJ). Water holding capacity was calculated as the mass of water retained after 1 hr on a Whatman no. 1 fi lter per mass of oven-dried soil.
At each gas fl ux sampling date, air temperature near the soil surface and soil temperature at 10-cm depth were measured with a Type K temperature probe. Soil cores were also collected with a hand probe on each sampling date (3-cm diam. × 15-cm depth) within a 1-m radius of each chamber. Each individual core was analyzed for mineral N (ammonium and nitrate) by Cd reduction using a continuous fl ow analyzer (Lachat QuickChem FIA 8000 Series, Lachat Instruments, Loveland, CO) after extraction with 1 mol L -1 KCl (soil to solution ratio = 1.5) on selected dates. Mineral N was analyzed 1-wk before and 1-, 4-, and 9-wks after fertilization for each treatment. Soil moisture content of the each collected core was determined gravimetrically (oven-dried at 105°C). Percentage water-fi lled pore space (%WFPS) was then calculated as the ratio of volumetric soil water content to total soil porosity. To determine if %WFPS varied between early and late-spring fertilized soils, we tested for eff ect of treatment on %WFPS with the mixed, repeated measures model described above (Phillips et al., 2001 ).
Methane, Carbon Dioxide, and Nitrous Oxide Flux Measurements
Measurements of the soil-atmosphere exchange of CH 4 , CO 2 , and N 2 O began 4 April, 3 d following fertilization of the earlyspring plots. Maize plot measurements were made one to four times per week from 4 April to 26 August between 1000 and 1200 h, which is the time period most representative of daily fl uxes for these soils (Frank et al., 2002; M. Liebig, unpublished data, 2004) . Reference plot measurements were collected similarly from 3 June to 13 August. Polyvinyl chloride covers fi tted with butyl O-rings were placed onto the soil collars during each gas fl ux measurement. Covers included a capillary bleed to equalize pressure and an Oseal fi tting and septa for syringe sampling. Samples of the headspace gas were withdrawn from each chamber at 0.25-h intervals during a 0.75-h time course. Sample aliquots were immediately injected into 12-mL exetainers (Labco Unlimited, Buckinhamshire, UK) and analyzed for CH 4 , CO 2 , and N 2 O with a Varian Model 3800 Gas Chromatograph and Combi-Pal auto-sampler. In this system, sample is auto-injected into a 1-mL sample loop, then loaded onto columns and routed through three detectors: a 63 Ni electroncapture detector (ultra-pure 95% Argon/5% CH 4 carrier gas), a thermal conductivity detector (ultra-pure He carrier gas), and a fl ame ionization detector (ultra-pure He carrier gas). Th e gas chromatograph was calibrated with commercial blends of CH 4 , CO 2 , and N 2 O balanced in N 2 (Scott Specialty Gases, Trenton, NJ) following verifi cation of stated concentrations with standards from the National Institute of Standards and Technology. Th e precision of GC analysis, expressed as a coeffi cient of variation for 10 replicate injections of a low concentration standard (2.0 μL L (Whalen and Reeburgh, 1992 ). Slopes were not linear when CH 4 and N 2 O concentration changes vacillated near their respective detection limits; these fl uxes were lower than our ability to detect and considered to be no diff erent from zero (Whalen and Reeburgh, 1992; Phillips et al., 2001; Phillips, 2007) . Slopes for CO 2 were consistently linear. Approximately 3% of the data collected were missing due to instrument malfunction or sample handling/transfer errors. Gas samples were stored <8 h before analysis and tests showed no change in gas concentration during storage. A positive fl ux was defi ned as net emission to the atmosphere (source) and a negative fl ux was defi ned as consumption (sink) by the soil microbial community.
Methane and N 2 O fl uxes were multiplied by 23 and 296, respectively, to express these in units of CO 2 equivalents (based on radiative forcing potentials over a 100-yr time horizon) and to calculate net GHG fl uxes (IPCC, 2007) . Seasonal fl uxes from each of the 30 fi eld sites were calculated by time integration of the daily fl uxes (CH 4 , CO 2 , N 2 O, and net GHG) from each chamber. Time-integrated fl ux was numerically approximated with the midpoint rule (Berkey and Blanchard, 1992) using the set of fl ux observations over time by chamber (Phillips et al., 2001) . We also calculated cumulative fl ux for each treatment by taking the average fl ux (n = 15) on the fi rst observation day and adding this to the mean for the next observation day. We tested for signifi cant diff erences in time-integrated fl ux between treatments for each gas with a mixed analysis of variance (Littell et al., 1996) . A nested hierarchical model was used with chambers nested inside plots and treatments (Phillips et al., 2001 ). Further, we used a mixed, repeated measures model to analyze which variables (air temperature, soil temperature, %WFPS, treatment, or time) infl uenced fl uxes of CH 4 , CO 2 , N 2 O, and total net GHG. We included a time series covariance structure in the repeated measures model, where correlations decline over time (Phillips et al., 2001) . Nitrous oxide fl uxes were not normally distributed, so we used the general linear mixed model to fi t a log-normally distributed response for N 2 O. Th e diagnostics of the residuals indicated normality for N 2 O was achieved with a log-normal fi t distribution. Level of signifi cance was set at α = 0.05.
Results
Crop Yields and Farm Operations
Mean ( ± SD) grain yields were 2528 ± 334 kg ha -1 and 2656 ± 550 kg ha -1 for the early and late-spring treatments, respectively. Mean phytomass was 4890 ± 621 kg ha -1 for the early spring and 4880 ± 547 kg ha -1 for the late-spring treatments, or 1956 ± 248 kg C ha -1 and 1952 ± 219 kg C ha -1
, respectively. Th e coeffi cients of variation for aboveground phytomass values were 13% and 11% for early and late-spring treatments, respectively. Similar values for grain yield and aboveground phytomass suggest these variables were not aff ected by date of urea application. Carbon emitted from farm operations and fertilizer production was estimated at 148 kg C ha -1 .
Soil Measurements
Soils cores collected before the experiment for both early and late-spring fertilized plots were similar with respect to texture, WHC, C, N, bulk density, pH, and EC (Table 1) . Th ere was no signifi cant diff erence in %WFPS (F 1, 28 = 0.21; P = 0.58) between treatments during the time-course of the experiment (April-August), with an overall mean for all soils of 26.4 ± 8.1. Percentage WFPS did not exceed 30% until 27 May (Day 148), where it remained above 30% through 27 June (Day 179). After 27 June, soil WFPS remained below 30% (Fig. 2) . Soil WFPS exceeded 40% on 3 d (12 June, 13 June and 19 June). Soil temperature ranged from 1°C on 7 April to 26°C on 18 July (Fig. 3) 
Gas Flux Measurements
Of the three gases contributing to the net GHG fl ux between 4 April and 26 August, CH 4 and CO 2 were signifi cantly aff ected by fertilization timing. Time-integrated CH 4 fl ux was signifi cantly greater (F = 7.01, P < 0.05) for soils fertilized in late spring (-116.58 ± 24.81 mg CH 4 m -2 ) than for soils fertilized in early-spring (-91.65 ± 26.73 mg CH 4 m -2 ). Time-integrated CO 2 fl ux was signifi cantly greater (F = 22.96, P < 0.0001) for soil fertilized in late spring (1.03 ± 0.12 kg CO 2 m -2 ) than for soils fertilized in early spring (0.83 ± 0.11 kg CO 2 m -2 ). Timeintegrated N 2 O fl ux, on the other hand, was not signifi cantly aff ected by fertilization timing (F = 2.09, P = 0.15). Mean fl ux was 55.10 ± 30.89 mg N 2 O m -2 for early spring and 69.22 ± 21.74 mg N 2 O m -2 for late spring. Th e time-integrated net GHG fl ux for soil fertilized in late spring was signifi cantly greater (F = 20.00, P < 0.0001) than the time-integrated net GHG fl ux for soil fertilized in early spring. Mean time-integrated net GHG fl ux for the 15 sites fertilized in early spring was 0.84 ± 0.11 kg CO 2 equivalents m -2 . Mean time-integrated net GHG fl ux for the 15 sites fertilized in late spring was 1.04 ± 0.13 kg CO 2 equivalents m -2 . Th e coeffi cients of variation associated with integrating net GHG fl ux for 15 chambers per treatment over 59 time points were 14% and 13% for early and late spring treatments. Th e percentage of N emitted as N 2 O relative to fertilizer input (70 kg ha -1 ) during the 20-wk measurement period was 0.63%.
Diff erences between early and late-spring fertilized soils for cumulative CH 4 , CO 2 , and N 2 O were evident following the late-spring treatment (Fig. 4-6 ). During the 6-wks following early-spring fertilization, there were no diff erences between soil fertilized 1 April and soils fertilized the previous year with respect to CH 4 (Fig. 4) , CO 2 (Fig. 5) , and N 2 O fl uxes (Fig.  6) . Within a week following late-spring application, however, fl uxes of CO 2 were more positive (Fig. 5 ) and fl uxes of CH 4 (Fig. 4) were more negative. Diff erences between early and late-spring treatments were also more pronounced during the time period when %WFPS exceeded 30%, from Day 148 to 179 (Fig. 2) . Divergence between treatments only occurred for a few days for N 2 O (Fig. 6 ), but persisted for nearly 4 wk for CH 4 (Fig. 4) and CO 2 (Fig. 5) . Cumulative net GHG fl uxes plotted over the growing season tracked cumulative CO 2 fl uxes (Fig. 7) . Carbon dioxide fl uxes were at least three orders of magnitude greater than CH 4 or N 2 O (Table 3) .
Th e test for eff ects of %WFPS, air temperature, soil temperature, fertilization application date, and time during the growing season on repeated measurements of CH 4 fl ux indicated CH 4 was signifi cantly infl uenced by %WFPS (F = 129.42, P < 0.0001), air temperature (F = 19.02, P < 0.0001), fertilization date (F = 5.32, P < 0.05), and time (F = 18.13, P < 0.0001). Higher values for soil %WFPS, air temperature, and time all resulted in more positive CH 4 fl uxes (less uptake). Late-spring fertilization resulted in more negative CH 4 fl uxes (greater uptake). For CO 2 , higher values for soil %WFPS (F = 76.08, P < 0.0001), air temperature (F = 25.37, P < 0.0001), and time (F = 29.14, P < 0.0001) resulted in more positive CO 2 fl uxes, as well as late-spring fertilization (F = 22.52, P < 0.0001). Nitrous oxide was not aff ected by late-spring fertilization (F = 2.84, P = 0.103); however, higher values for soil %WFPS (F = 473.38, P < 0.0001) and air temperature (F = 11.75, P < 0.001) resulted in more positive N 2 O fl uxes. A comparison of N 2 O fl ux and %WFPS graphs ( Fig. 2  and 6 ) suggests %WFPS contributed to the sharp rise in N 2 O emissions between Days 148 and 179. For net GHG fl ux, higher values for soil %WFPS (F = 94.81, P < 0.0001), air temperature (F = 27.05, P < 0.0001), and time (F = 29.92, P < 0.0001) resulted in more positive net GHG fl uxes, in addition to latespring fertilization (F = 20.19, P < 0.0001).
Reference site data were collected to provide background information using unfertilized, undisturbed prairie (Table 1) . Th ere was a tendency toward greater CO 2 fl uxes for prairie reference, where grass roots and crowns were actively respiring, compared to arable bare soil. Mean daily values for %WFPS Table 2 . Mean ( ± SD) soil nitrate and ammonium concentrations at 0 to 15 cm during pre-and postfertilization (n = 15). , while mean fl ux for arable soil was 296.07 ± 12.74 mg CO 2 equivalents m -2 h -1 (Fig. 8) .
Discussion
Th e mean time-integrated net GHG fl ux for soils fertilized in early spring was 548.43 kg C ha -1 less than soils fertilized in late spring. More than 98% of net GHG fl ux was due to soil CO 2 emissions, with minor consumption and production of CH 4 and N 2 O for soil fertilized in late spring. Carbon dioxide emission from soils to the atmosphere is the primary mechanism of soil C loss (Raich and Schlesinger, 1992; Parkin and Kaspar, 2003) . Fertilization application in late spring, when mean air temperature rose from <10°C in the early spring to over 15°C in the late spring, likely stimulated soil respiration (Fig. 5) . While temperature tends to be the strongest predictor of CO 2 fl ux (Wildung et al., 1975; Wagai et al., 1998; Fang and Moncrieff , 2001; Parkin and Kaspar, 2003) , higher %WFPS following late-spring fertilization and greater inorganic N availability (Table 2 ) likely contributed to greater net GHG fl ux for the late-spring treatment. One week following urea application, inorganic N for early spring was lower than for late spring (Table 2) , suggesting soil N retention was greater following urea application in the late spring. Both enhanced inorganic N availability and higher %WFPS following late-spring fertilization likely contributed to greater soil organic mineralization and higher rates of microbial respiration (Fig. 5) . We found no evidence of treatment diff erences in aboveground phytomass or grain yield, so it is not clear if maize planted only a week earlier was infl uenced by greater N availability. Net GHG fl ux during the growing season was dominated by CO 2 emissions, but this proportion changes with rate of N fertilization (Amos et al., 2005; Mosier et al., 2006) and with season (Flessa et al., 1995; Phillips 2007) . Nitrous oxide contributes more to net GHG fl ux in arable soils at higher rates of N fertilization (Chantigny et al., 1998) and during the nonvegetated period (Flessa et al., 1995) . Th e net loss of N 2 O to the atmosphere as a percentage of fertilizer N, however, tends to be <1% at high, medium, and low rates (Mosier et al., 2006) . Treatments diverged substantively between Days 148 and 179, when %WFPS was >30% (Fig. 4-7) . To assess how greater moisture in the early spring may have infl uenced the treatment eff ect, we simulated higher %WFPS in the early spring to match %WFPS in the late spring using parameter estimates in the statistical model. If mean %WFPS during April and May was 35% instead of 25% (Fig. 2) , the diff erence between treatments for time-integrated net GHG fl ux would have narrowed from 548.43 to 447.94 kg C ha -1 . Th is simulation indicated the eff ect of soil moisture on microbial respiration was greater in the late spring, when soil temperatures were >10°C (as compared to early spring) which corroborated fi ndings by Fang and Moncrieff (2001) and Wildung et al. (1975) .
In most cases (93% of the time) negative CH 4 fl uxes were observed, indicating net CH 4 uptake at the soil surface. Methane tends to be a minor source or a minor sink in agricultural ecosystems, contributing <1% to net GHG fl uxes in the northern Great Plains (Mosier et al., 2006) . Th e overall strength, however, of the soil CH 4 sink was on the high end for soils under cultivation (Dutaur and Verchot, 2007) . Dutaur and Verchot (2007) . Our rates of CH 4 uptake more closely approximate grasslands than crops, as also reported by Koga (2004) . Rates of CH 4 uptake for soils under no-till management were twice as high as those under conventional tillage, totaling 2.4 kg ha -1 yr -1 (Koga, 2004) . Similarly, Tate and Striegl (1993) ). Like Tate and Striegl (1993) , native prairie soil CH 4 uptake at our site was not greater than cropped soil. Seasonal mean CH 4 uptake rates (Table 3; (Fig.  4) by soils fertilized in late spring is consistent with concurrent stimulation of CO 2 emissions for late-spring plots (Fig. 5) . Both suggest application of urea at higher soil and air temperatures generally stimulated microbial activity. Th e divergence in mean CH 4 fl uxes between treatments (Fig. 4) was also closely coupled to greater mean N 2 O fl uxes (Fig. 6) . Near the end of May, greater N 2 O emissions and higher soil ammonium concentrations (Table 2) were likely due to greater rates of nitrifi cation. In late spring, soil temperature and %WFPS were nearly optimal for nitrifi cation (Avrahami et al., 2002) and the potential co-oxidation of CH 4 by nitrifying organisms (Jones and Morita, 1983) . Alternatively, methane oxidation could have been N-limited, so N addition could have stimulated CH 4 oxidation (Bodelier and Laanbroek, 2004) . While N limitation for high-affi nity CH 4 oxidizers in well-drained soils has not been reported, this is a potential contributing factor. Since N addition in our case stimulated CH 4 consumption only when conditions were optimum for nitrifi cation, we suggest N may have limited nitrifi cation and therefore opportunistic co-oxidation of CH 4 . While mineral N is not a reliable predictor of changes in either N 2 O or CH 4 fl ux , soil ammonium levels observed here suggest nitrifi cation as a potential driver to treatment diff erences in CH 4 fl ux for these very similar, well-aerated soils (Table 1) .
Our time-integrated CO 2 fl uxes for a 5-mo time period fell within the annual estimate for temperate agroecosystems of 477 to 2875 g CO 2 m -2 (Raich and Schlesinger, 1992) . Growing season mean CO 2 fl uxes reported here were higher than between-row fl uxes soil reported by Mosier et al. (2006) ) and lower than between-row soil fl uxes reported by Amos et al. (2005) for maize in Nebraska (700 mg CO 2 m -2 h -1
). Carbon dioxide fl ux is controlled by microenvironment, microbial activity, vegetative cover, and land use. Lower CO 2 emissions under dryland conditions at higher latitudes in the northern Great Plains were expected, given the strong temperature control on soil respiration (Wagai et al., 1998; Fang and Moncrieff , 2001; Parkin and Kaspar, 2003) . Th e abundance of fi ne root biomass at the prairie reference site (Wagai et al., 1998) resulted in greater CO 2 fl ux than the arable soil. Reductions in tillage may conserve soil carbon and minimize CO 2 emissions (Wagai et al., 1998; Koga, 2004) . Our data suggest application of fertilizer in early spring, when temperatures are <10°C, might also reduce growing-season emissions (or GWP seasonal ) for dryland cropping systems in the northern Great Plains.
Nitrous oxide fl uxes were not signifi cantly aff ected by timing of fertilizer application, and time-integrated fl uxes were lower than those reported for irrigated maize in Colorado (Mosier et al., 2006) and in Nebraska (Amos et al., 2005) . Data are lacking for N 2 O fl uxes in the northern Great Plains, but models estimate North Dakota soils emit 0.8 to 2.3 kg N ha -1 yr (Li et al., 1996) . We report emissions in central ND of <0.1 kg N 2 O-N ha -1 over a 5-mo time course. While dormant season fl uxes were not measured, they would have to be eight times greater than those measured during the growing season to meet the minimum estimated by Li et al. (1996) . Modeled estimates for ND may more closely represent fl uxes on the eastern side of the state, where time-integrated N 2 O fl uxes over a 5-mo time course ranged from 0.64 to 1.63 kg N 2 O-N ha -1 (Phillips, 2007) . We suspect the source strength of N 2 O-N in dryland cropping systems is lower than expected because yields are lower than in irrigated or more mesic regions. As such, yield goals are lower and management inputs are less intensive than in irrigated or more highly productive areas.
Urea application just before planting did not result in greater aboveground phytomass or greater grain yield, compared to urea application 6-wk earlier. Th e GHG treatment eff ect observed here (548 kg C ha -1 ) was 3.7 times greater than GHG emissions associated with farm equipment and chemical use (148 kg C ha -1 ) and represented 25% of net aboveground C in plant phytomass (1950 kg C ha -1 ). However, without data representative of plant C fi xed belowground and net GHG fl uxes within crop rows (Mielnick, 1996; Amos et al., 2005) , the eff ect of treatment relative to net primary production cannot be determined. We can conclude that application of urea early, when soil temperatures during the day were just above 0°C, resulted in 19% lower soil GHG emissions over a growing season. Th ese results suggest a closer investigation of the N budget and GHG emissions in dryland cropping systems are warranted.
Summary and Conclusions
Timing of fertilizer application aff ected fl uxes of CH 4 , CO 2 , and net GHG for soils planted to maize in a production environment, with greater emissions for soils fertilized in late spring. Results suggest that when mean air and soil temperatures warmed above 10°C in late spring, microbial activity was stimulated by the recent addition of urea. Diff erences between treatments in late spring were most evident when %WFPS rose above 30%. Emissions of CO 2 accounted for over 98% of net GHG fl ux. Despite greater CH 4 uptake, the net GHG fl ux calculated for the growing season was 19% lower for soils fertilized in early spring as compared to late spring. Our results suggest that fertilizer application timing should be considered when evaluating eff ects of agricultural practices on GHG emissions. Additional studies are warranted to (i) test how the eff ect of fertilizer application on GHG emissions is infl uenced by air temperature, (ii) test how the eff ect of fertilizer on GHG emissions is infl uenced by soil characteristics, and (iii) test how the residence time of urea infl uences GHG emissions in dryland cropping systems. Further, investigation is needed to determine how timing of urea application can be used as a management tool to reduce GHG emissions without sacrifi cing yield within dryland cropping systems.
